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Abstract 
The luminescence spectra of naturally occurring apatite Ca5[F~(PO4)3] and fluorite 
CaF2 crystals, containing traces of rare-earth elements have been compared with phosphate 
glasses doped with Pr
3+
, Sm
3+
 and Er
3+
 ions. The selected excitation bands for luminescence 
of samarium and praseodymium ions were indicated. Separate emission of Sm
3+
 ions besides 
Pr
3+
 ions in apatite could be measured for Oexc=335, 359 and 372 nm and emission of Pr3+ ions 
was strengthened for Oexc.=444 nm. The Judd-Ofelt parameters and branching ratios for Pr3+ 
and Sm
3+ 
doped phosphate glasses were determined. The spectroscopic quality factor 
X=:4/:6 was found to be 0,69 and 1,75 for Pr3+ and Sm3+ glasses, respectively. 
 
Keywords: Lanthanides, Fluorescence, Apatite, Fluorite, Phosphate glasses,  
 
1. Introduction 
Apatite Ca5[F~(PO4)3], fluorite CaF2 and 
many other natural crystals have included 
simultaneously the large number of RE 
ions.  The time-resolved measurements 
were intensively used for identification of 
luminescence center in minerals [1-3]. The 
steady-time measurements with selected 
excitation could be proposed as a proper 
and more available method than time-
resolved method. However, in steady-time 
measurements the emission transition of 
many 4f ions could be take a place 
simultaneously, so correct ascribing of 
each emission line to corresponding ion 
could be doubtful. The task of this paper 
was searching of possibility detection of 
lanthanide ions in crystals without 
necessity of use time-resolved 
measurements.                                        
The phosphate glasses with only 
praseodymium, samarium or erbium ion 
were prepared as standard sample to avoid 
this problem and to define excitation 
wavelengths characteristic for each of 
them. The luminescence spectra of glasses 
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were use as a reference for luminescence 
spectra of minerals. 
The first problem was the searching of 
selected excitation wavelengths, which 
induced emission transitions for only one 
ion±Pr3+ or Sm3+ and the second one was 
choose the characteristic excitation 
wavelengths for Er
3+
 ions.  
 Absorption, excitation and 
emission spectra of Pr
3+
,
 
Sm
3+
 and Er
3+
 
ions were measured for these natural 
crystal as well as for phosphate glasses. 
The Judd-Ofelt standard analysis was used 
to calculate  :2,4,6 parameters and 
branching ratios for Pr
3+
 and Sm
3+
doped 
phosphate glasses.   
 
2. Samples and experiments 
For two apatite crystals, first from 
Russia (Lovoziero deposit) and second 
from Spain, as well as for fluorite crystal 
from Poland (Paszowice, Sudety Mts) the 
concentrations of REE were analyzed by 
inductive-coupled plasma method (Acme 
Lab, Canada) and presented in table I. 
The prepared phosphate glasses had the 
following compositions in weight %: 
(44P2O5-25CaO-15BaO-15SrO-1Pr2O3), 
44,8P2O5-25CaO-15BaO-15SrO-
0,2Sm2O3),  
44,125P2O5-25,125CaO-15,125BaO-
15,125SrO-0,5ErO. 
Optical absorption measurements were 
made with a Cary-Varian Model 2300 
spectrophotometer at room temperature 
and fluorescence measurements were 
performed using a Jobin-Yvon (SPEX) 
spectrofluormeter FLUORLOG 3-12 at 
room and liquid nitrogen temperatures. 
The luminescence spectra for both apatite 
crystals were almost the same, so in this 
paper spectra of only Spain apatite were 
included.  
 
3. Results and discussion 
 luminescence properties 
The Pr
3+
 and Sm
3+
 excited state 
levels lies very close together, so in 
emission spectra of apatite crystals double 
bands in 500 nm-700 nm region were often 
observed. From excitation spectra of 
phosphate glasses doped Pr
3+
 and Sm
3+
 
was proved (Fig.1), that for Oexc.=342,359 
or 399 nm the luminescence of only Sm
3+
 
ions  and emission lines 562 and 567 nm, 
598 and 605 nm as well as 645 nm were 
measured. Unfortunately, no characteristic 
excitation lines of Pr
3+
 ions were found. 
Furthermore, in excitation spectra of both 
glasses a lot of lines were exhibited in  
region 425 nm-500 nm. However, the most 
intense luminescence of  Pr
3+
 ions were 
measured, when Oexc.= 444 nm and 608 nm 
line was more intensive than 599 nm band 
(fig.2) both for Pr
3+
 doped glass and apatite 
crystals (Fig.3). It could be assumed that 
for Oexc.=444 nm excitation of Pr3+ ions 
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was strengthened. The low temperature 
emission spectra for excitation 
characteristic for Sm
3+
 ions (Oexc.=400 nm) 
and excitation characteristic for Pr
3+
 ions 
(Oexc.=443 nm) were different - 605 nm 
emission band dominated over 599 nm 
band for Oexc.=443 nm (Fig.4), what could 
be another evidence of different emission 
centers for these excitations.  
For fluorite crystal very intensive emission 
of Er
3+
 ions was measured: 
4
S3/2-o4I15/2 
(546 nm), 
2
H11/2o 4I15/2 (523 nm) and  
2
H9/2o,(554 nm) of Er3+ as well as in 
phosphate glass (Fig.5), though amount of 
them in fluorite crystal was low (398 ppm). 
The most intensive emission of Er
3+
 ions 
was observed for Oexc.=380 nm, which lied 
far from excitation for other lanthanide 
ions (Tb
3+
, Tm
3+
 and Ho
3+
), included in 
this crystal. In the emission spectrum of 
fluorite very intensive band at 540 nm was 
obtained for all other excitation lines, 
characteristic for Er
3+
 ions (405, 448 and 
485 nm). Origin of this band could be as 
zero-phonon line of 
4
S3/2-o4I15/2 
transition, because TO mode of CaF2 is 
equal 260 cm
-1
. 
Judd-Ofelt intensity analysis  
The radiative transition 
probabilities for excited levels of Pr
3+
 and 
Sm
3+
 have been calculated using the 
standard Judd±Ofelt theory [4-5], the 
experimental oscillator strengths for 
transitions from the ground 
3
H4 (Pr
3+
) and 
6
H5/2 (Sm
3+
) levels to excited levels were 
determined by numerical integration of the 
corresponding absorption bands. For each 
transition the calculated oscillator strength 
is given by equation: 
¦
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Where m is the mass of the electron, c is 
velocity of light, h is the Planck constant 
and O is the mean wavelength of the 
transition. In performing the analysis, a 
constant value of 1.58 was used for n, the 
refractive index of the medium, and 
reduced matrix elements U(t) taken from 
Weber [6] were applied. Above equation 
accounts for electric dipole line strengths 
only. Magnetic dipole line strengths were 
found to be less than 1% of electric dipole  
line strengths and were not included in the  
fitting procedure. 
The intensity parameters :t  are found by a 
least-squares fitting of the experimental 
and electric dipole oscillator strengths. The 
quality of the fit can be expressed by the 
magnitude of the root-mean-square (rms) 
deviation, defined by 6 (fexp±fcalc)2. 
The experimental and calculated oscillator 
strengths for Pr
3+
 in phosphate glass were 
shown in Table II. Using the conventional 
method defined above, the rms deviation of 
the fitted values was equal to 6.74 . 10-6 for 
Pr
3+
. These values decreases to 7.5. 10-6 
when minimizing the fractional deviations 
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[7] defined by 6 [(fexp±fcalc)/fcalc]2. The 
rather high value of rms deviation for Pr3+ 
was mainly due to too high discrepancy 
between measured and calculated oscillator 
strengths of the 

HoD transition. The 

HoP transition was omitted from Judd-
Ofelt analysis due to the anomalous 
behavior of this transition [8]. When the 
3
P2 is excluded in the analysis, fit between 
experimental and calculated values was 
much better (2.210-6). On the other hand, 
inclusion of this transition often leads to a 
negative value of the :2 intensity 
parameter, which is unphysical. It has been 
observed in many cases for the Pr
3+
 ions 
[9]. The phenomenological Judd-Ofelt 
parameters for Pr
3+
 ions in phosphate glass 
were found to be :2 = 4.26, :4 = 4.33, :6 
= 6.27 in 10-20 cm2 units. They were 
comparable to those reported for other 
phosphate glasses using the modified Judd-
Ofelt technique [10].  
The values of the measured and calculated 
oscillator strengths (f) for various 
transitions of Sm
3+
 in phosphate glass were 
given in Table III. The value of refractive 
index, n is found to be 1.58. The rms 
deviation between experimental and 
calculated f values is also given in Table II. 
The squared reduced matrix elements 
~U(t)~2, in intermediate coupling 
approximation for Sm
3+
 were taken from 
ref.[8]. The validity of the Judd-Ofelt 
theory for intensity analysis has been 
tested for Sm
3+
 in phosphate glass spectral 
lines as detailed in Table III.   
By means of these :t parameters, the 
radiative transition probabilities for excited 
levels of Pr
3+
 and Sm
3+
 can be calculated 
using the relation: 
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Radiative lifetime of an excited level was 
given by the inverse of a sum of $--¶ 
values calculated over all terminal levels: 
¦
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The luminescence branching ratios E 
calculated according to the formula: 
¦
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which indicates relative intensities of 
transitions from excited level to all 
terminal levels. 
Results of these calculations are given in 
Table IV for and V. The 
3
P0o3H5 and 

PoF transitions were not included for 
which the even matrix element U(t) is zero. 
The radiative lifetimes were found to be 
equal to 26 Ps, 25 Ps and 287 Ps for 3P1, 
3
P0 and 
1
D2 levels, respectively, which was 
in good agreement with data reported 
earlier [11]. 
 
Conclusions 
1.For minerals the selected excitation 
could be a tool for detection samarium 
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besides  praseodymium ions without 
necessity of use time-resolved 
measurements. For Oexc.=342,359 or 399 
nm the luminescence of only Sm
3+
 ions 
were measured and for Oexc.=444 nm 
emission of Pr
3+
 ions was strengthened.  
2.The most intensive emission of Er
3+
 ions 
could be obtained for Oexc.=380 nm.    
3.The spectroscopic quality factor 
X=:4/:6 was found to be 0,69 and 1,75 
for Pr
3+
 and Sm
3+
 glasses, respectively. 
The second value is larger than those found 
in other hosts. 
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Table I   REE concentration (ppm) in natural crystals under investigation 
REE Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm 
Apatite 
Russia 
18716,8 1392,03 3495,7 172,1 38,0 160,2 10,05 19,42 1,91 3,36 0,49 
Apatite 
Spain 
7186,1 1065,18 4915,9 668,1 113,11 372,04 41,48 146,31 32,81 51,61 7,2 
Fluorite 
Poland 
400,3 69,29 400,9 16,4 0,3 311,76 78,6 468,16 128,84 398,03 75,7 
 
Table II Measured and calculated oscillator strengths for Pr
3+
 ions in phosphate glass 
(44P2O5-25CaO-15BaO-15SrO-1Pr2O3). Transitions are from 
3
H4 ground state to the levels 
indicated. Wavelengths correspond to average transition energies. 
 
 
Levels 
 
 
Wavelength 
O [nm] 
 
Energy 
Q [cm-1] 
Oscillator strengths 
with 
3
P2 level without 
3
P2 level 
fmeas.  
(x10
-6
) 
fcalc.  
(x10
-6
) 
residuals 
(x10
-6
) 
fmeas.  
(x10
-6
) 
fcalc.  
(x10
-6
) 
residuals 
(x10
-6
) 
3
H6,
3
F2 
3
F4, 
3
F3 
1
G4 
1
D2 
3
P0 
3
P1, 
1
I6 
3
P2   
1942 
1527 
1010 
  588 
  482 
  467 
  444  
  5150 
  6550 
  9900 
17000 
20750 
21400 
22500 
  5.000 
10.640 
  0.250 
  1.770 
  1.840 
  4.920 
  8.330 
  4.983 
10.803 
  0.350 
  1.213 
  2.633 
  4.199 
  3.942 
0.017 
0.163 
0.100 
0.557 
0.793 
0.721 
4.388 
  5.000 
10.640 
  0.250 
  1.770 
  1.840 
  4.920 
- 
  5.002 
10.652 
  0.344 
  1.196 
  2.659 
  4.224 
- 
0.002 
0.012 
0.094 
0.574 
0.819 
0.696 
- 
rms deviation (x10
-6
) 6.74 2.20 
J-O parameters (10
-20
 cm
2
 units) 
:2 
:4 
:6 
 
4.19 r 2.03 
4.29 r 2.22 
6.40 r 0.83 
 
4.26 r 0.71 
4.33 r 0.77 
6.27 r 0.30 
 
Table III Measured and calculated oscillator strengths for Sm
3+
 ions in phosphate glass 
(44.8P2O5-25CaO-15BaO-15SrO-0.2Sm2O3). Transitions are from 
6
H5/2 ground state to the 
levels indicated. Wavelengths correspond to average transition energies. 
 
 
Levels 
 
 
Wavelength 
O [nm] 
 
Energy 
Q [cm-1] 
Oscillator strengths 
with 
6
F1/2, 
6
H15/2 levels without 
6
F1/2, 
6
H15/2 levels 
fmeas.  
(x10
-6
) 
fcalc.  
(x10
-6
) 
residuals 
(x10
-6
) 
fmeas.  
(x10
-6
) 
fcalc.  
(x10
-6
) 
residuals 
(x10
-6
) 
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6
F1/2 
6
H15/2 
6
F3/2 
6
F5/2 
6
F7/2 
6
F9/2 
6
F11/2   
1587 
1536 
1477 
1377 
1228 
1080 
  946  
  6300 
  6510 
  6770 
  7260 
  8140 
  9260 
10570 
  0.560 
  0.610 
  1.000 
  1.560 
  2.230 
  1.450 
  0.230 
  0.526 
  0.012 
  1.057 
  1.523 
  2.250 
  1.433 
  0.229 
0.034 
0.598 
0.057 
0.037 
0.020 
0.017 
0.001 
- 
- 
1.000 
1.560 
2.230 
1.450 
0.230 
- 
- 
1.002 
1.551 
2.253 
1.418 
0.225 
- 
- 
0.002 
0.009 
0.023 
0.032 
0.005 
rms deviation (x10
-6
) 0.76 0.07 
J-O parameters (10
-20
 cm
2
 units) 
:2 
:4 
:6 
 
1.68 r 0.80 
2.68 r 0.60 
1.60 r 0.35 
 
1.37 r 0.11 
2.77 r 0.05 
1.58 r 0.03 
 
 
Table IV  Calculated radiative transition rates A, luminescence branching ratios E and 
corresponding radiative lifetimes Wrad for Pr3+ in phosphate glass (44P2O5-25CaO-15BaO-
15SrO-1Pr2O3). 
Transition Wavelength  O [nm] A [s-1] Wrad [Ps] E 
3
P1 - 
3
H4 
            3
H5 
            3
H6 
           3
F2 
           3
F3 
           3
F4 
           1
G4
            
           1
D2 
467 
523 
595 
615 
671 
692 
868 
2268 
6406 
10998 
3247 
4326 
9519 
3263 
354 
24 
26 
 
 
0.17 
0.29 
  0.085 
0.11 
0.25 
  0.085 
0.01 
   0.01 
3
P0 - 
3
H4 
            3
H6 
           3
F2 
           3
F4 
            1
G4
            
           1
D2 
479 
615 
636 
718 
911 
2584 
17726 
5140 
12800 
3727 
639 
9 
25 
 
 
0.44 
0.13 
0.32 
0.09 
0.02 
   0.01 
1
D2 - 
3
H4 
             3
H5 
             3
H6 
            3
F2 
            3
F3 
            3
F4 
            1
G4 
588 
680 
806 
844 
952 
995 
1406 
1005 
18 
318 
357 
122 
1219 
451 
287 0.29 
0.01 
0.09 
0.10 
0.03 
0.35 
0.13 
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1
G4 - 
3
H4 
             3
H5 
             3
H6 
            3
F2 
            3
F3 
            3
F4 
1011 
1318 
1890 
2110 
2950 
3401 
29 
308 
122 
3 
4 
19 
2062 0.06 
0.64 
0.25 
  0.005 
  0.005 
0.04 
 
Table V Calculated radiative transition rates A, luminescence branching ratios E and 
corresponding radiative lifetimes Wrad for Sm3+ in phosphate glass (44.8P2O5-25CaO-15BaO-
15SrO-0.2Sm2O3). 
Transition Wavelength  O [nm] A [s-1] Wrad [ms] E 
4
G5/2 ± 6F11/2 
            
  
6
F9/2 
            
  
6
F7/2 
           
  
6
F5/2 
          
  
 6
F3/2 
          
   
   6
H15/2 
           
  
6
F1/2
          
           
    
6
H13/2 
                6
H11/2 
              6
H9/2 
          
6
H7/2 
1460 
1198 
1038 
  953 
  908 
  902 
  893 
  795 
  713 
  650 
  601 
0.15 
0.92 
1.97 
7.37 
1.04 
0.19 
0.84 
2.96 
21.74 
59.08 
76.67 
5.78 
 
 
   0.01 
  0.005 
0.01 
0.04 
  0.005 
   0.01   
  0.005 
0.02 
0.13 
  0.345 
0.44 
 
 
Figure captions: 
Fig. 1 The luminescence spectra of phosphate glasses doped Pr
3+
, Sm
3+
. 
Fig. 2 The emission spectra of phosphate glasses doped Pr
3+
, Sm
3+
. 
Fig. 3 The luminescence spectra of apatite (Spain) and phosphate glasses doped Pr
3+
, Sm
3+
. 
Fig. 4 The low temperature emission spectra of apatite from Spain. 
Fig. 5  The luminescence spectra of Er
3+
 in fluorite and phosphate glass. 
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